Repeated exposure to cocaine results in motor sensitization that, in the ventral tegmental area (VTA), is associated to enhanced glutamate release, which in turn leads to enhanced calcium levels in dopaminergic neurons. Calcium influx activates calcium-calmodulindependent protein kinases such as CaMKII. D-Serine could participate on these effects, and the objective was to discern the role of VTA D-serine after a sensitizing regimen of cocaine (10 mg/kg daily), and to discern consequent expression changes in CaMKII and its activated form. For this purpose, D-serine, sodium benzoate (inhibitor of D-amino acid oxidase, the degradating enzyme of D-serine), and 7-chlorokynurenate (inhibitor of the glycine site of NMDA receptors) were injected into the VTA (in either the induction or expression phase of sensitization), and activation state of CaMKII was assessed through blotting. The findings indicated that intra-VTA administration of D-serine (5 mM) and sodium benzoate (100 and 200 mg/ml) during the induction phase (not expression) reliably augmented the expression of behavioral sensitization to cocaine, providing evidence that D-serine in the VTA participates in the initiation of motor sensitization to this psychostimulant drug. Intra-VTA infusions of D-serine, sodium benzoate and 7-chlorokynurenate did not elicit a motor effect of their own. Confirming the important role of NMDA receptors and their activation at the glycine site, the employment of 7-chlorokynurenate (2 and 5 mg/ml) led to blocking of the development of sensitization to cocaine. CaMKII within the VTA was found to participate in D-serine's effects because this kinase, that is activated after repeated cocaine, was further activated after co-treatment with D-serine or sodium benzoate. Besides CaMKII activity was otherwise reduced by 7-chlorokynurenate.
INTRODUCTION
Repeated exposure to cocaine results in motor sensitization, which is manifested through an enhancement of the motoractivating effects of cocaine, and is considered as a model of neural plasticity (Wise, 2000; Nestler, 2001; Kelley, 2004) . The neuroadaptations mediating sensitization could underlie some of the behavioral changes associated with chronic psychostimulant abuse (Robinson and Berridge, 1993) . Chronic cocaine exposure produces biochemical adaptations in specific brain regions thought to mediate activating properties of cocaine (Koob and Bloom, 1988; Nestler, 2001) . The mesolimbic system is the most important system involved in these adaptations, which comprises dopaminergic neurons in the ventral tegmental area (VTA) and their projections to the limbic forebrain such as the nucleus accumbens (Wise and Rompre, 1989; Nestler, 2001 ). In the VTA, the development of sensitization to psychostimulants is associated to enhanced glutamate release, which in turn leads to enhanced calcium levels in dopaminergic neurons. Glutamatergic terminals from the laterodorsal tegmentum are involved in these effects. Glutamatergic neurotransmission is further enhanced through upregulation of AMPA and NMDA receptors following repeated cocaine. AMPA and NMDA become more permeable to calcium after cocaine's administration (Licata and Pierce, 2003) .
D-Serine could participate on these effects, because this mediator substance, that is present in the VTA, is important in modulating NMDA receptor activity in the central nervous system (Schell et al, 1995; Haydon, 2001; Boehning and Snyder, 2003) , and D-serine is known to bind NMDA receptors (glycine site) facilitating their activation (Yang et al, 2003) . In the VTA, astrocytes are the main source of Dserine, even though a role for VTA neurons cannot be discarded because recently it has been shown that neurons also synthesize and release D-serine, mostly in the cortex and cerebellum (Kartvelishvily et al, 2006) . Besides glutamate induces release of D-serine from both astrocytes and neurons, and in turn astrocytes are also known to influence glutamate levels in the biophase (through the glutamate-cystine antiporter). In this context, sensitizationrelated changes in the VTA have been compared to longterm potentiation (LTP) in the hippocampus, and astrocytes play a key role in long-term synaptic plasticity, providing D-serine that facilitates activation of NMDA receptors in developing cerebellum and hippocampus (Schell et al, 1997; Yang et al, 2003) . A single injection of cocaine is known to induce LTP of AMPA receptor-mediated current in dopaminergic neurons in the VTA (Ungless et al, 2001) . Facilitation of glutamate receptors leads to enhanced calcium influx in dopamine VTA neurons, and calcium and calcium-mediated second messenger systems play an important role in the expression of behavioral sensitization (Karler et al, 1991; Reimer and Martin-Iverson, 1994; Licata et al, 2004) . Intracellular calcium binds calmodulin to become an active complex that can regulate many enzymes such as the calcium-calmodulin-dependent protein kinase II (CaMKII) which seems to play a pivotal role (Nakamura et al, 2000) , because intra-VTA infusions of KN-93 (CaMKII inhibitor) prevent the development of sensitization (Licata et al, 2004) . Moreover, behavioral sensitization to cocaine is attenuated in CaMKII knockout mice (Licata and Pierce, 2003) . CaMKII has been proposed as a candidate molecule for long-term storage of information mediating plasticity changes underlying sensitization (Licata and Pierce, 2003) .
The role of D-serine within the VTA in the development of cocaine's sensitization and activation of CaMKII is not known. The objectives of the present study were to discern the role of D-serine in the VTA after a sensitizing regimen of cocaine (in both induction and expression phases), and to discern consequent expression changes in CaMKII and its activated form. For this purpose, D-serine (agonist of the glycine site of NMDA receptors), sodium benzoate (inhibitor of D-amino acid oxidase (DAAO), the degradating enzyme of D-serine), and 7-chlorokynurenate (antagonist of the glycine site of NMDA receptors) have been injected into the VTA, and activation state of CaMKII in the VTA has been assessed through blotting.
MATERIALS AND METHODS

Animals
Adult male Wistar rats from the breeding colony of the Faculty of Medicine of the University of Seville, Spain, were used. Laboratory temperature was kept at 22711C, and a 12-h light-dark cycle (lights on at 0800 hours) was maintained throughout the experiment. Food (lab chow) and water were available ad libitum.
Drug and Compounds
Cocaine hydrochloride was purchased from Sigma-Aldrich (St Louis), and dissolved in 0.9% saline. Sodium benzoate was purchased from Sigma-Aldrich, and dissolved in saline. D-serine was purchased from RBI (USA), and dissolved in saline. 7-chlorokynurenate was purchased from SigmaAldrich, and it was dissolved in DMSO and before use dose was adjusted in 10% DMSO% and 90% water. Corresponding vehicle was used for treatments.
Surgery and Intrabrain Injections
Before surgery, rats were anesthetized (50 mg/kg ketamine, 10 mg/kg xylazine), given prophilactic peniciline and placed in a stereotaxic apparatus. A hole was drilled over the injection site, and a 22-gauge stainless-steel guide cannula (Small Parts, Miami) was aimed 2 mm above the corresponding infusion site: VTA, AP ¼ À5.2, L ¼ 0, and V ¼ À6.2 mm vs bregma (Paxinos and Watson, 2005) . The guide cannula was fastened to the skull with stainless-steel screws and dental cement, and was fitted with a 30-gauge stainless-steel obturator, protruding 2 mm out of the tip of the guide cannula (Small Parts). Rats were allowed 1 week for recovery before injections. Intrabrain injections were performed in the home cage after removing the obturator cannula, that was replaced by a 30-gauge stainless-steel internal cannula connected to a Hamilton syringe and a delivery pump (Stoelting, Germany). Solutions were slowly injected over 5 min, and afterwards the internal cannula was carefully removed and the obturator cannula was replaced.
Behavior Experiments
Motor activity (distance traveled, m) was recorded over 2 h in locomotion cages (45 Â 45 cm) by using the automatized Smart system (Panlab, Spain). Two days before the first cocaine injection, rats were placed on the environment during 2 h each day without treatment, to avoid the effects of novelty on motor activity (habituation days). Besides, on each treatment day the rats were habituated to the cages for 1 h. Following this habituation period, injectors were lowered into the VTA to administer the microinjections. Ten minutes after intra-VTA infusions, rats received an injection of cocaine (10 mg/kg IP) and their motor behavior was monitored during 2 h post-injection (every 20-min period of time was also monitored). Cocaine was injected daily on days 1-5 (induction phase of sensitization) as well as on days 12 and 20 (expression days of sensitization). Intra-VTA injections (volume, 0.7 ml) of sodium benzoate (0, 100 and 200 mg/ml), D-serine (0, 1, and 5 mM), vehicle, or 7-chlorokynurenate (0, 2, and 5 mg/ml) and its vehicle were performed during either the induction or expression phases of sensitization. Regarding infusions during induction, intra-VTA injections were performed every day 10 min before systemic cocaine as explained. Regarding expression, other rats were subjected to intrabrain injections on days 12 and 20 (expression phase), 10 min before the challenge cocaine injection. Each experimental group encompassed 7-8 rats. The motor effects of intra-VTA D-serine, sodium benzoate, and 7-chlorokynurenate alone were also studied in different groups of rats (n ¼ 7 each). These animals were pretreated with sodium benzoate, D-serine, 7-chlorokynurenate, or vehicle before a systemic injection of saline rather than cocaine, during days 1-5 and days 12 and 20, following a similar protocol.
Histology
Following completion of the locomotor sensitization studies, rats were given an overdose of chloral hydrate (450 mg/kg IP) and perfused intracardially with 0.9% saline followed by 20% paraformaldehyde. The brain was then removed and coronal sections (50 mm) were taken at the level of the VTA with a vibratome. The sections were mounted on gelatin-coated slides and stained with cresyl violet (Sigma-Aldrich). Cannula placements were mapped onto a stereotaxic atlas (Paxinos and Watson, 2005) , and confirmed to be in the VTA.
Western Blotting
For this study, other rats (n ¼ 7 each group) with cannulae aimed at the VTA were subjected to three systemic injections regime in the home cage: (i) single saline or cocaine injection, (ii) five daily systemic injections preceded each (10 min before) by intra-VTA D-serine (5 mM), IP sodium benzoate (200 mg/ml), 7-chlorokynurenate (5 mg/ml) or corresponding vehicle. Cocaine was always injected at 10 mg/kg IP. Twentyfour hours after the last systemic injection, rats were killed by decapitation and brains were removed, and cooled in ice-cold physiological buffer. The VTA region was obtained by careful dissection of the region under microscope observation. Brain samples were lysated in 10% glycerol, 137 mM NaCl, and 20 mM Tris-HCl pH, 7.5, containing peptidases (1 mg/ml aproteinin and leupeptin, 1 mM PMSF). Protein levels were quantified by using the Bradford method. Samples were boiled and aliquots containing 25 mg of protein each were subjected to SDS/polyacrylamide gel electrophoresis. Proteins were transferred electrophoretically to PVDF membranes, which were then blocked with 2% nonfat dry milk in TTBS pH 7.5 (5 M NaCl, 2% 1 M Tris-HCl, 0.05% Tween-20).
Immunolabeling was conducted for CaMKII with rabbit polyclonal antibody (Ca 2 + /calmodulin kinase II, 1 : 1000, Cell Signaling, Beverly, MA, USA), anti-CaMKII(P) with mouse monoclonal antibody (anti-Ca 2 + /calmodulin kinase II asubunit pThr 286 ; 1 : 2000, Calbiochem, Merck, Darmstadt, Germany), and a-tubulin (control protein) with mouse monoclonal anti-a-tubulin antibody (Santa Cruz Technologies, Santa Cruz, USA). Primary antibodies were detected with peroxidase-linked secondary antibodies, and with enhanced chemiluminescence (Amersham, GE HealthCare, Piscataway, NJ), and autoradiography. Band densities of resulting autoradiograms were quantified by using the Scion Image for PC (NIH).
Statistical Analysis
For behavioral study, a two-way ANOVA (treatment, between factor; day, within factor) was employed, followed by the Tukey's test. The Student's t-test (unpaired samples) was used for comparing two groups the same treatment day, as well as for comparing percentage changes in distance traveled. Time-course data were analyzed with two-way ANOVA (treatment, between factor; time point, within factor), followed by the Student's t-test for comparing groups at the same time point. When variance was not homogeneous, data were logarithmically (log[x]) transformed before analysis. Blotting band densities after acute treatment were compared by the Student's t-test, and after repeated treatment by one-way ANOVA followed by the Student's t-test (independent samples) for comparing groups. Experiments were performed according the animal care guidelines of the European Communities Council (86/609/EEC). after infusions of D-serine during induction. All rats treated with systemic cocaine and intra-VTA vehicle saline or D-serine presented a significant enhancement of motor activity on days 5 (po0.05), 12 and 20 (po0.01) vs day 1, but this effect was significantly higher on days 12 and 20 in those animals treated with 5 mM D-serine, as shown in Figure 2 . Thus, percentage increase in distance traveled on days 12 and 20 relative to day 1 was significantly higher in rats pretreated with 5 mM D-serine (day 12, 166.5721% and day 20, 173.8722%, po0.05) than vehicle (day 12, 99.5710% and day 20, 103.1711%) and D-serine 1 mM (day 12, 102710%; day 20, 103.7712%). As for time-course study, distance traveled values after cocaine (every 20-min period of time) were quantified on days 1 and 20 of treatment, as shown in Figure 1 . Two-way ANOVA indicated a significant interaction effect (F(25, 240) ¼ 76.6, po0.01). Post hoc analysis revealed that distance traveled was enhanced from 0 to 60 min in all groups on day 20 vs day 1 (po0.01), and this value was significantly higher on day 20 in rats treated with 5 mM D-serine vs the other groups at the same day (po0.05) from 0 to 40 min postinjection. Hence intra-VTA D-serine was able to enhance cocaine's sensitizing effects.
RESULTS
Location of Microinjection Sites in the VTA
Regarding sodium benzoate infusions, two-way ANOVA indicated a significant treatment Â day interaction effect (F(12, 140) ¼ 6.1, po0.01) on motor activity after sodium benzoate infusions during induction. All rats treated with systemic cocaine and intra-VTA vehicle saline or sodium benzoate presented a significant enhancement of motor activity on days 5 (po0.05), 12 and 20 vs day 1 (po0.01), but this effect was significantly higher on days 12 and 20 in those animals treated with sodium benzoate (100 and 200 mg/ml, po0.05 vs vehicle on days 12 and 20), as shown in Figure 2 . Thus, percentage increase in distance traveled on days 12 and 20 relative to day 1 was significantly higher in rats pretreated with sodium benzoate (day 12, 100 mg/ml, 156.6721%; 200 mg/ml, 174.4720%, po0.05; day 20, 100 mg/ml, 181.4720%; 200 mg/ml, and 181.9710%, po0.05) than vehicle (day 12, 99.579% and day 20, 99.2710%). As for time-course study, ANOVA indicated a significant interaction effect (F(25, 234) ¼ 72.2, po0.01). Post hoc analysis revealed that distance traveled was enhanced from 0 to 60 min in all groups on day 20 vs day 1 (po0.01), and this value was significantly higher on day 20 in rats treated with 100 and 200 mg/ml sodium benzoate vs vehicle-treated rats on the same day (po0.05) from 0 to 40 min post-injection. Hence, intra-VTA sodium benzoate, inhibitor of DAAO, was able to enhance cocaine's-sensitizing effects. Figure 2 Sensitivity to motor activating effects of cocaine after intra-VTA infusions of D-serine (a, and d) sodium benzoate (b, and e), 7-chlorokynurenate (c, and f), and corresponding vehicle during the induction phase of sensitization (days 1-5). Top row: (a, and b) All animals repeatedly treated with systemic cocaine and intra-VTA D-serine and sodium benzoate had heightened sensitivity to cocaine's-activating effects on days 5, 12, and 20. However, rats treated with D-serine (5 mM) and sodium benzoate (both doses) presented a higher locomotor effect than vehicle on days 12 and 20. (c) Animals repeatedly treated with systemic cocaine and intra-VTA 7-chlorokynurenate (both doses) did not show locomotor sensitization on days 5, 12, or 20, in contrast to intra-VTA vehicle-treated rats. Data are expressed as mean7SEM, *po0.05, **po0.01 vs corresponding vehicle rats (Tukey's test); # po0.05, ## po0.01 vs distance traveled on day 1 by the same group (Student's t-test). Bottom row: time course of the distance ravelled following cocaine administration on days 1 and 20. (d and e) Distance traveled was enhanced from 0 to 60 min in all groups on day 20 vs day 1 (po0.01), and this value was significantly higher on day 20 in rats treated with (d) 5 mM D-serine or (e) both doses of sodium benzoate (100 and 200 mg/ml) vs the other groups at the same day from 0 to 40 min post-injection. (f) Distance traveled was enhanced from 0 to 60 min in rats treated with intra-VTA vehicle on day 20 vs day 1 (po0.01), but not in those animals treated with 2 and 5 mg/ml 7-chlorokynurenate. Data are expressed as mean7SEM, *po0.05 vs the other groups on day 20; ## po0.01 vs corresponding groups on day 1 (Student's t-test). Abbreviations: sod. benzoate, sodium benzoate; 7-CKYN, 7-chlorokynurenate.
Repeated Intra-VTA Infusion of 7-Chlorokynurenate during the Induction Phase Blocks the Development of Sensitization to Cocaine Two-way ANOVA indicated a significant treatment Â day interaction (F(12, 138) ¼ 3.6, po0.05) effects on motor activity after infusions of 7-chlorokynurenate during induction. All rats treated with systemic cocaine and intra-VTA vehicle presented a significant enhancement of motor activity on days 5 (po0.05), 12 and 20 (po0.01) vs day 1, but this effect was absent in those animals treated with 7-chlorokynurenate (5 and 10 mg/ml). Thus, percentage increase in distance traveled on days 12 and 20 relative to day 1 was significantly higher in rats pretreated with intra-VTA vehicle (day 12, 96.7710%; day 20, 93.378%, po0.01) than 7-chlorokynurenate 2 mg/ml (day 12, 31.874% and day 20, 35.775%) and 5 mg/ml (day 12, 36.676% and day 20, 40.274%) as shown in Figure 2 . As for time-course study, ANOVA indicated a significant interaction effect (F(25, 236) ¼ 32.2, po0.05). Post hoc analysis revealed that distance traveled was enhanced from 0 to 60 min in rats treated with vehicle on day 20 vs day 1 (po0.01), but not in those animals treated with 2 and 5 mg/ml 7-chlorokynurenate. Hence intra-VTA 7-chlorokynurenate was able to block cocaine's sensitizing effects. Table 1 summarizes the control experiments designed to determine if sodium benzoate, D-serine and 7-chlorokynurenate elicited a behavioral effect of their own. The animals were pretreated with sodium benzoate, D-serine, and 7-chlorokynurenate or corresponding vehicle before a systemic injection of saline rather than cocaine. No significant effects were revealed by two-way ANOVA.
Effects of Intra-VTA Infusions of Sodium Benzoate, D-Serine and 7-Chlorokynurenate Alone on Locomotor Activity
Intra-VTA Infusion of D-Serine, Sodium Benzoate, or 7-Chlorokynurenate during the Expression Phase does not Alter the Emergence of Sensitization to Cocaine
Two-way ANOVA indicated a significant day effect after intra-VTA infusion of either D-serine (F(6, 138) ¼ 238, po0.01), sodium benzoate (F(6, 140) ¼ 234, po0.01), or 7-chlorokynurenate (F(6, 139) ¼ 234.3, po0.01). Post hoc analyses revealed that every group treated with systemic cocaine presented a significant increase in locomotion on days 5 (po0.05), 12 and 20 vs day 1 (po0.01), as shown in Figure 3 . As for time course study, ANOVA indicated significant interaction effects (D-serine; F(25, 240) ¼ 70.1, po0.01; sodium benzoate, F(25, 236) ¼ 68.8, po0.01; and 7-chlorokynurenate, F(25, 240) ¼ 67.7, po0.01). Post hoc analysis revealed that distance traveled was enhanced from 0 to 60 min in all groups on day 20 vs day 1 (po0.01), without significant differences among groups at the same time point.
Repeated Cocaine Administration Activates CaMKII in the VTA, and Co-treatment with Intra-VTA D-Serine or Sodium Benzoate Further Activates CaMKII
The data presented in Figure 4 summarize the effects of acute saline, acute cocaine, repeated saline, or repeated cocaine (with intra-VTA 5 mM D-serine, 200 mg/ml sodium benzoate, 5 mg/ml 7-chlorokynurenate, or vehicle) on VTA total protein levels of CaMKII and CaMKII(P), the activated form of CaMKII, 24 after a single injection or after the last of five daily injections. No significant differences between the groups treated with either acute saline or cocaine were revealed by the Student's t-test. In rats repeatedly treated with cocaine, one-way ANOVA revealed a significant treatment effect (F(4, 35) ¼ 51.5, po0.01). Post hoc analysis indicated that repeated cocaine (intra-VTA vehicle) induced a significant increase in the expression of CaMKII(P) in the VTA vs repeated saline (t ¼ 2.6, po0.05), and this signal was reliably augmented after D-serine 5 mM (t ¼ 2.3, po0.05 vs intra-VTA vehicle, t ¼ 3.3, po0.01 vs control) and sodium benzoate 200 mg/ ml (t ¼ 2.4, po0.05 vs intra-VTA vehicle, t ¼ 3.5, po0.01 vs control). Besides CaMKII(P) signal was significantly reduced after 5 mg/ml 7-chlorokynurenate (po0.01 vs the remainder groups). Total amount of CaMKII was not modified after intra-VTA D-serine, sodium benzoate, or 7-chlorokynurenate, as shown in Figure 4 . Whether activation of CaMKII is revealed through a positive relation between its phosphorylated form and total CaMKII content, these data indicate that VTA CaMKII was activated after Mean7SEM of distance traveled in meters (2 h). On days 1-5, 12 and 20 rats received intra-VTA microinfusions of sodium benzoate, its vehicle, D-serine, 7-chlorokynurenate or their vehicle into the VTA (after 1 h of habituation to the environment). Ten minutes later they received a systemic injection of saline and their behavior was monitored for 2 h.
intra-VTA infusions or D-serine and sodium benzoate, and state of activation was reduced after 7-chlorokynurenate.
DISCUSSION
The findings of the present study indicate that D-serine in the VTA participates in the induction (not expression) of motor sensitization to cocaine. Thus intra-VTA administration of exogenous D-serine and sodium benzoate reliably augmented the development of behavioral sensitization to cocaine. Sensitization effects were found to be long-lasting (challenge cocaine doses on days 12 and 20), a critical issue in behavioral sensitization. Besides motor sensitization was already observed in every group after 5 days of repeated cocaine, a finding in agreement with those reported by other authors after repeated cocaine in rats (Miserendino et al, 1993; Licata et al, 2004) . This sensitization effect is otherwise in contrast with the fact that a challenging cocaine dose 1 day after withdrawal of repeated cocaine is known to induce an attenuation (not sensitization) of cocaine-induced locomotor response (Williams and Steketee, 2005) , indicating that sensitivity to motor activating effects of cocaine are opposite if evaluated during the last day of repeated cocaine injections or 1 day after withdrawal. The observed effects on sensitization after infusions of sodium benzoate reveal that endogenous D-serine is responsible of them, because sodium benzoate inhibits D-serine degradation leading to accumulation of D-serine Figure 4 Representative immunoblot analysis of VTA CaMKII(P) and CaMKII in rats treated acutely or repeatedly with cocaine (preceded by intra-VTA 5 mM D-serine, 200 mg/ml sodium benzoate, 5 mg/ml 7-chlorokynurenate or corresponding vehicle) and saline. in the VTA biophase, since it is a specific inhibitor of DAAO, the degradating enzyme of D-serine (Konno and Yasumura, 1992; Park et al, 2006) . Astrocytes seem to participate on these effects, because these cells express DAAO and release D-serine (Yang et al, 2003; Park et al, 2006) . However, a role for neurons in D-serine action cannot be discarded, because they synthesize and release D-serine as well, as reported recently by Kartvelishvily et al (2006) . Dserine modulates NMDA receptor activity in the central nervous system (Schell et al, 1995; Haydon, 2001; Boehning and Snyder, 2003) and acts through binding to NMDA receptors at the glycine site, thereby facilitating their activation (Yang et al, 2003) . In this context, sensitizationrelated changes in the VTA have been compared to LTP in the hippocampus, and astrocytes play a key role in longterm synaptic plasticity. Besides it is known that a single injection of cocaine can induce LTP of AMPA receptormediated current in dopaminergic neurons in the VTA (Ungless et al, 2001) . Stimulation of NMDA receptors is needed for the development of cocaine's sensitization (Karler et al, 1991; Kalivas and Alesdatter, 1993; Licata et al, 2000; Licata and Pierce, 2003) , and confirming the important role of NMDA receptors and their activation at the glycine site, the employment of 7-chlorokynurenate, a specific antagonist of the glycine site of NMDA receptors, led to blocking of the initiation of sensitization to cocaine. This is in line with other reports demonstrating that the use of antagonist for the glycine/NMDA receptor such as R-( + )-HA-966 are able to prevent locomotor sensitization to repeated cocaine (Morrow et al, 1995) . The NMDA receptor consists of several distinct binding sites identified by the ligand: glutamate or NMDA, PCP, or MK-801, glycine, as well as Mg 2 + -binding site. D-Serine and glycine are coagonists with glutamate for the NMDA receptor ionophore (Huettner, 1991) , and the present study reveals that this coagonism in the VTA is needed for the initiation of locomotor sensitization to cocaine.
The findings indicated that the glycine site in NMDA receptors seems not to be saturated by D-serine under physiological conditions because of the facilitation of behavioral sensitization by the higher dose of D-serine, a fact otherwise in accordance with Fuchs et al (2005) , who demonstrated that in vivo the NMDA glycine site is not saturated in all brain regions. This fact leads us to hypothesize that a dysfunction of D-serine metabolism, for instance in DAAO activity, could underlie vulnerability to chronic effects of cocaine because NMDA receptors and hence cocaine's sensitization will be further stimulated. In this context, several authors present evidence that variations in the G72 or DAOA gene region increase risk for psychosis in humans (Chumakov et al, 2002; Goldberg et al, 2006) . The gene product of DAOA is an activator of DAAO gene, and variations in the DAOA gene are known to induce indirect effects on NMDA neurotransmission (Chumakov et al, 2002; Goldberg et al, 2006) . It is worth noting that individual vulnerability to cocaine's sensitization is also associated to a higher risk to cocaine-induced psychosis (Satel et al, 1991; Brady et al, 1991; Bartlett et al, 1997) , pointing to a possible relationship between DAAO activity and sensitization. Recently, it has been reported that knockout mice that lack DAAO activity present enhanced NMDAR function together with increased occupancy of the NMDAR glycine site due to elevated extracellular D-serine levels (Almond et al, 2006) . This latter fact otherwise supports that NMDA receptors are not saturated by D-serine under physiological conditions in rodents (Fuchs et al, 2005) .
Calcium and CaMKII Signaling and Sensitization
Enhanced levels of calcium in the VTA mediates the locomotor activating effects of cocaine (Pierce et al, 1996; Licata and Pierce, 2003) . Mechanisms underlying this effect are not clear, but glutamatergic AMPA and NMDA receptors along with L-type calcium channels are involved, because they become more permeable to calcium after cocaine's administration (Licata and Pierce, 2003) . Following increase in intracellular calcium, this ion binds calmodulin (calcium/CaM complex) and then calciumdependent kinases such as CaMKII bind calcium/CaM become phosphorylated and activated by CaMKK. It is well known that cocaine injections enhance total CaMKII protein in the VTA (Licata et al, 2004) , and the present study provides evidence that CaMKII is activated after repeated cocaine, and D-serine acts positively in this process likely as a co-factor for activation of NMDA receptors. Furthermore, it was observed that 7-chlorokynurenate has a strong inhibiting effects on the formation of CaMKII(P) by itself, as revealed through blotting. This finding is quite interesting because this CaMKII(P) downregulation was not accompanied by acute locomotor response to cocaine. Recently, it has been reported that suppressing CaMKII activity in the VTA enhances the acute response to 15 mg/kg cocaine and attenuates the initiation of cocaine-induced behavioral sensitization in rats (Licata et al, 2004) . Our findings support this latter effect, but acute hyper locomotion was not observed likely because CaMKII activity was not fully inhibited, and a reduction of around 50% in its activity would not be sufficient to enhance acute motor activating effects of 10 mg/kg cocaine. In accordance, Licata et al (2004) report that a high intra-VTA dose of the CaMKII inhibitor KN-93 (6 mg in a volume of 1 ml) but not a lower one (0.6 mg in a volume of 1 ml) is able to enhance the acute motor response to cocaine.
CaMKII is a transducer of calcium signaling, this kinase being expressed in many brain regions (Sola et al, 1999; Nakamura et al, 2000) , including the VTA (Licata et al, 2004) . Calcium signaling pathways play a pivotal role in synaptic plasticity and memory formation (Dubnau and Tully, 1998; Ho et al, 2000) , as well as CaMKII (Silva et al, 1992) . CaMKII functions as a potent stimulator of calcium-dependent gene expression, and it activates several transcription factors such as CREB, which is phosphorylated on the regulatory Ser133 residue (Matthews et al, 1994; Curtis and Finkbeiner, 1999) . CREB activation in the VTA is directly involved in sensitization and regulates tyrosine hydroxylase (TH) transcription (Lim et al, 2000) . TH immunoreactivity and enzymatic activity are increased in rats repeatedly treated with cocaine (Beitner-Johnson and Nestler, 1991; Sorg et al, 1993; Vrana et al, 1993) , leading to enhanced dopamine synthesis in the VTA. Enhancement of dopamine release in the VTA is a key fact underlying the development of sensitization to cocaine (Parsons and Justice, 1993; Kalivas and Duffy, 1998; Licata and Pierce, 2003) . Calcium influx and CaMKII have also been implicated in the production and responsiveness to neurotrophic factors such as BDNF (Finkbeiner et al, 1997; Tao et al, 1998) . Interestingly, BDNF participates on cocaine's sensitization because direct infusion of BDNF into the VTA blocks the ability of cocaine to produce some biochemical and morphological effects in this region, such as the induction of TH (Berhow et al, 1995 (Berhow et al, , 1996 . In conclusion, the findings are consistent with the hypothesis that CaMKII in the VTA plays an important role in the initiation (not expression) of cocaine's sensitization, likely through activation of several transcription factors and proteins involved in the emergence of sensitization (Licata et al, 2004) . The findings confirm the proposal by Licata and Pierce (2003) that calcium-stimulated second messengers may be the crucial link between the development and longterm expression of behavioral sensitization to cocaine, and D-serine is involved in their activation after repeated cocaine.
CONCLUSIONS
The findings of the present study provide evidence that D-serine in the VTA participates in the induction (not expression) of cocaine's sensitization. Thus intra-VTA administration of D-serine (agonist of the glycine site of NMDA receptors) and sodium benzoate (inhibitor of DAAO, the degradating enzyme of D-serine) reliably augmented the expression of behavioral sensitization to cocaine. Confirming the important role of NMDA receptors and their activation at the glycine site, the employment of 7-chlorokynurenate (inhibitor of the glycine site of NMDA receptors) led to blocking of the development of sensitization to cocaine. Intra-VTA infusions of D-serine, sodium benzoate and 7-chlorokynurenate did not elicit a motor effect of their own. Finally, CaMKII within the VTA was found to participate in D-serine's effects because this kinase, that is activated after repeated cocaine, was further activated after co-treatment with D-serine or sodium benzoate, and CaMKII activity was otherwise reduced by 7-chlorokynurenate.
